Phenotypic traits often differ among conspecific populations inhabiting different environments. These morphological types may represent unique genotypes that are best suited to local conditions, or they may result from individual responses to local environmental conditions and thus represent plastic phenotypes. The barnacle Chthamalus fissus, commonly found in the upper intertidal of southern California and Baja California, Mexico, exhibits three morphs: one with an oval operculum, one with a narrow, slit-like operculum, and a relatively uncommon bent form with the operculum opening on one side. The aim of this study was to determine if differences in shell morphology among two populations of C. fissus separated by approximately 100 km result from local adaptation or are the result of plasticity in development of the barnacle shell. A reciprocal transplant experiment was conducted in which rocks with attached juvenile barnacles were transferred among populations from La Jolla, California, USA, where adults exhibit an oval operculum, and Ensenada, Baja California, Mexico, where adults exhibit either a narrow operculum or the bent morphology. The results indicate that barnacle morphology is determined by local conditions and is not due to genetic differences between the two populations. Results of a field experiment examining predation by the snail Mexacanthina lugubris lugubris suggest that oval morphs are more vulnerable than narrow morphs to this predator. Environmental factors that may be responsible for inducing this morphological variation are discussed.
INTRODUCTION
The existence of discrete phenotypic variation among populations suggests that the various morphs differ in their capacity to survive and/or reproduce under local conditions in a heterogeneous environment (Lively, 1999) . In some cases, morphological types represent unique genotypes (Endler, 1977; Turesson, 1922; Williams, 1966; Kawecki and Ebert, 2004) while in other cases, the morphological types result from modification of a phenotype (phenotypic plasticity) in response to specific cues in the local environment (Wright, 1931; Bradshaw, 1965; Pigliucci, 2001) . This phenomenon of phenotypic plasticity may result from phenotypic modulation, in which the same phenotype is simply modulated by the environment, or developmental conversion, in which an alternative developmental program is followed in response to a specific cue (Smith-Gill, 1983; Stearns, 1989) . For example, the periwinkle snail Littorina obtusata Linnaeus 1758 develops a thicker shell when reared in the presence of a crab predator, but the degree of thickening varies among individuals within the same population and between populations that differ in their history of contact with the crab predator (Trussell, 1996; Trussell and Nicklin, 2002) . In contrast, populations of the acorn barnacle Chthamalus anisopoma Pilsbry, 1916 differ in the proportion of individuals that can develop a bent-shell morphology in response to a predatory snail, Mexacanthina lugubris angelica Oldroyd, 1918 (Marko and Vermeij 1999) , but the bent form is unarguably distinct from the usual conical morphology (Lively, 1986a (Lively, , 1999 . Phenotypic responses to cues can result in permanent morphological change, such as for L. obtusata and C. anisopoma, but some species remain morphologically flexible even as adults. For example, cirral length and form vary in response to wave exposure for several barnacle species (Chan and Hung, 2005; Marchinko and Palmer, 2003) and adults of the barnacle Balanus glandula Darwin, 1854 can continue to modify cirrus form in response to varying wave exposure (Marchinko, 2003) .
Chthamalus fissus Darwin, 1854 is a barnacle commonly found in the upper intertidal zone of southern California and Baja California, Mexico. Three forms of this barnacle, which differ in morphology, have been described : one with an oval operculum, one with a narrow, slit-like operculum, and a relatively uncommon form with a bent morphology (Miller et al., 1989) . The narrow and bent forms were previously described as Chthamalus microtretus (Cornwall, 1937) but were then placed in synonymy with C. fissus (Cornwall, 1951; Newman and Ross, 1976) . Wu (1982) suggested that individuals with the narrow and oval operculum morphologies select specific habitats in which to settle and metamorphose, and that they simply represent distinct genotypes while Miller et al. (1989) suggested that the bent morph of C. fissus may develop in response to predator as was described by Lively (1986a, b) for C. anisopma. The goals of the present study were to 1) determine if differences in shell morphology among two populations of C. fissus separated by approximately 100 km are due to local adaptation or are the product of phenotypic plasticity, and 2) to examine the capacity of the three morphs to resist predation by the snail Mexacanthina lugubris lugubris Sowerby, 1821.
MATERIALS AND METHODS

Barnacle Morphology -La Jolla and Las Olas
Field studies of populations of C. fissus were conducted at 2 locations: La Jolla, CA, USA (328489N; 1158169W) and Las Olas, Baja California, Mexico (328009N; 1168529W). Operculum morphology of adult C. fissus was quantified using photographs of barnacles within five 15-cm 2 quadrants at each location in March, 2004 . At each location, quadrants were randomly selected on flat surfaces of large boulders and the camera was held perpendicular to the plane of the substrate so that assessment of bent forms could be standardized. Adult basal diameter, operculum length, and operculum width were measured from these photographs using Sigmascan Pro 5 (Statistical Solutions, Saugus, MA, USA). Barnacles were categorized as bent if the entire operculum opening was not visible due to being located on the side of the barnacle.
Reciprocal Transplant Experiment
A reciprocal transplant experiment was conducted to determine whether differences in operculum morphology observed between the two populations are due to environmental factors or to population genetic differences. Eight small rocks (approx. 12-cm 2 ) with attached juvenile C. fissus were dislodged at each site using a rock hammer and chisel in March, 2004. Each rock was labeled with numbered bee tags and a small scale bar using a ploymethylmethacrylate adhesive (Super Glue, Rancho Cucamonga, CA, USA). Rocks were transplanted to the alternative site within 24 h and attached to the substrate within the zone that C. fissus occurs using epoxy (Splash Zone Compound, ZSPAR, Los Angeles, CA, USA). In addition, numbered bee tags and a small scale bar were attached to each of 8 randomly chosen rocks that were excised and reattached at both locations to serve as controls. All rocks were then photographed monthly from March to May, and also in December, of 2004 so that mortality and operculum morphology could be monitored. New settlers were not removed from rocks but were identifiable and then excluded from analyses.
Predation Experiment
One possible advantage of a narrow operculum is that it could reduce the risk of predation by the snail M. lugubris lugubris, a muricid snail abundant in Las Olas but rare in the cobble area north of La Jolla. M. lugubris lugubris feeds on C. fissus in a manner similar to that of M. lugubris angelica (Lively, 1999) , by first ramming a shell spine into the barnacle operculum and then consuming the barnacle. The mean density of M. lugubris lugubris at both study sites was determined by counting the number of snails within twenty 0.25-m 2 quadrates chosen randomly within the zone occupied by C. fissus. To determine if there is a difference in susceptibility between the oval and narrow morphs to predation by M. lugubris lugubris, a predation experiment was conducted. Five rocks (approx. 10 3 10 cm) with attached oval morph barnacles were collected from La Jolla and haphazardly attached to a large boulder in Las Olas on the same day. Five rocks (approx. 10 3 10 cm) were collected in Las Olas and also attached to the same large boulder in Las Olas on the same day as the rocks from La Jolla. These rocks were photographed and then approximately 15 M. lugubris lugubris snails were placed on each rock for the next five low tides. Rocks were photographed on the sixth low tide (approx. 3 days after start of experiment) and the numbers of dead and surviving barnacles were recorded. A barnacle was scored as dead if it was missing or if the operculum plates were crushed. Bent forms were visually inspected for evidence of predation in the field with a hand lens because mortality of this morph could not be determined from photographs.
Statistical Analyses
To examine operculum morphology among barnacles from the two populations, operculum width was compared between the two populations using a nested ANCOVA with location (La Jolla, Las Olas) as a fixed factor, sample as a random factor nested within location, and operculum length as the covariate. SYSTAT 11 was used for this analysis (SYSTAT, San Jose, CA, USA).
For the reciprocal transplant experiment, the data did not meet the assumptions of ANOVA even after arcsine transformation and so operculum length/width ratios of the four treatment groups were analyzed using a nonparametric Kruskal-Wallis test followed by Dunn's Multiple Comparisons test. Mortality of bent morphs was zero for all quadrats and so was not included in the statistical analysis. Percent mortality of oval and narrow barnacles during the predation experiment was arcsine transformed then analyzed using an unpaired t test. Variances were tested for homogeneity using an F test. Predator densities were compared using a nonparametric Mann Whitney test. Operculum length/width ratios, morph mortality, and predator densities were analyzed using GraphPad Prism 4.03 (GraphPad, San Diego, CA, USA).
RESULTS
Barnacle Operculum Morphology -La Jolla and Las Olas The C. fissus barnacles native to Las Olas had significantly narrower operculum openings than barnacles in La Jolla (Table 1, Fig. 2 ). Less than 1% of the barnacles in Las Olas had an operculum width greater than 0.6 mm, while 70% of the La Jolla barnacles had operculum widths greater than 0.6 mm. 16.6% of the native Las Olas barnacles sampled exhibited the bent morphology (operculum opening not visible from the top), while no bent morphs were observed in the La Jolla quadrats.
Reciprocal Transplant Experiment Because numbered bee tags or entire rocks were dislodged on different dates at both locations, the number of transplant and control quadrats sampled varied between three and four for all treatments. In March of 2004, at the start of the field experiments, barnacles from Las Olas had significantly larger operculum length/width ratios than barnacles from La Jolla (KW ¼ 33.01, P , 0.0001). Within each site there was no difference in this ratio for barnacles that remained at their native site and those that were transplanted to the alternative site at the start of the experiment (P . 0.05, Fig. 3) . However, over the next 9 months, transplanted barnacles began to resemble native barnacles (Fig. 3) at both locations, and at the end of the experiment, native Las Olas barnacles and La Jolla barnacles transplanted to Las Olas were indistinguishable (P . 0.05) and had operculum length/ width ratios that were significantly larger than those of the native La Jolla barnacles and the Las Olas barnacles transplanted to La Jolla (P , 0.001). After 9 months in Las Olas, an average of 12.9% of the native Las Olas juveniles developed into the bent morph (range ¼ 9.0% to 16.7%) and 8.1% of the juveniles transplanted from La Jolla developed into the bent morph (range ¼ 5% to 10.5%). In La Jolla, none of the native La Jolla juveniles or the transplanted Las Olas juveniles developed into the bent morph.
Predator Density and Predation Experiment
The mean density of M. lugubris lugubris was significantly greater in Las Olas (mean ¼ 15.10 6 2.39) than in La Jolla (mean ¼ 0.30 6 0.18) (U ¼ 2.5, P , 0.0001). After 3 days of exposure to M. lugubris lugubris, mortality of C. fissus ranged from 7% to 11.4% for samples of oval morphs and from 3.7% to 5.7% for samples of narrow morphs. Overall, mortality was almost double for oval morphs (9.1%) compared to narrow morphs (4.6%) (t ¼ 9.146, P ¼ 0.0001). Mortality of bent morphs was zero for all quadrats and was not included in the statistical analysis of mortality data.
DISCUSSION
Data from this study suggest that the oval, narrow, and bent morphs of C. fissus do not represent unique genotypes but instead develop in response to environmental conditions. Some studies have previously reported phenotypic plasticity of barnacles in response to food availability, crowding, and wave exposure (Barnes and Powell, 1950; Bertness et al., 1991; Arsenault et al., 2001 ). Both crowding and increased abundance of food can result in elongated barnacles forming hummocks, but in the present study the degree of crowding was similar among treatments and barnacle hummocks were not observed. Pentcheff (1991) argued that the barnacle B. glandula had shorter, thicker shells with more protected operculum valves (valves below the lateral plate rim) at an exposed site compared to a protected site due to passive remodeling of the shell following non-lethal impacts. In the present study, both sites were exposed, but the intensity of wave action was not monitored and so cannot be excluded as a factor contributing to phenotypic variation observed between the two sites. Lively (1986a) demonstrated that exposure of the barnacle C. anisopoma to the predatory snail M. lugubris angelica causes some juveniles to develop a bent morphology. M. lugubris angelica, like M. lugubris lugubris, feeds by ramming its shell spine into the barnacle operculum and the bent form of C. anisopoma is better able to avoid this attack strategy. Although bent and narrow morphs have been described from several locations in southern California (Cornwall, 1937; Miller, 1989) , in the present study bent morphs were found naturally only at Las Olas and developed in transplanted samples only at Las Olas, where the predatory snail M. lugubris lugubris is significantly more abundant. These findings suggest that the bent form may be induced by exposure of juveniles to M. lugubris lugubris. However, since the average mortality for all treatments over the 9-month field experiment was at least 25.5% and the average frequency of the bent form in Las Olas was 12.9%, differential mortality of the bent form could also explain the observed frequencies of the bent form at the two study sites.
In addition to the dramatic difference in occurrence of the bent morph between Las Olas and La Jolla, the results indicate that native Las Olas barnacles and barnacles transplanted from La Jolla to Las Olas have significantly narrower operculum openings compared to native and transplanted barnacles growing in La Jolla. It is possible that development of the narrow operculum morph is also induced by exposure to M. lugubris lugubris, and that the adaptive significance of the narrow operculum morph of C. fissus may be that it is more difficult for M. lugubris lugubris to feed on this morph because the shell spine does not fit easily into the operculum. In the present study, predation on the oval operculum morph of C. fissus was almost twice as great as predation on the narrow operculum morph, and this supports the hypothesis that the latter are more successful at avoiding predation. The bent morph in the present study appears best adapted for avoiding predation, as evidenced by the lack of mortality during the 3-day predation study. However, the narrow operculum morph may be more common than the bent morph in Las Olas as a result of a trade off between resistance to predation, the intensity of predation, and the cost associated with the defensive morphologies. Indeed, Lively (1986b) found that bent morphs of C. anisopoma were generally less fecund than oval operculum morphs. If predator abundance is spatially and temporally variable and the cost of developing a narrow operculum is low compared to the cost of developing the bent morphology under predator-free conditions, narrow operculum morphs could be at a selective advantage compared to bent morphs. Under these conditions, evolution may favor increased cue sensitivity of individuals capable of developing the narrow morph compared to those capable of developing the bent morph (Hazel et al., 2004; Lively et al., 2000) . What remains to be determined are the costs associated with the narrow and bent morphs compared to the oval morphs.
